The characteristics of a laser ablation igniter were investigated systematically. This kind of igniter is expected to realize a lightweight rocket engine system that consists of many combustion chambers, such as the Reaction Control System (RCS), without having heavy spark igniters. In this igniter, ignition is accomplished utilizing a high-temperature metal vapor produced by focusing a high-intensity laser pulse transmitted through an optical fiber. The laser ablation igniter was tested in a GH 2 /GO x thruster (dia. 1 cm). As a result, the minimum ignition energy was found to be lower than 2 mJ, and the required ignition energy decreased with increasing pressure in the combustion chamber.
Introduction
In such contemporary liquid rocket engines as the LE5 and LE7, exciter sparkplugs are currently used to ignite the augmented spark igniter to initiate combustion. 1) Since an aerospike engine consists of many small-combustor modules, the required duplication of the heavy exciter sparkplugs makes it difficult to reduce the structural mass of the rocket.
In addition, toxic propellants such as monomethyl hydrazine are ordinarily used in the RCS for Reusable Launch Vehicles (RLVs), for example the Space Shuttle Orbiter.
2)
The use of toxic propellants is stunting the establishment of efficient maintenance at launching and landing sites.
For next-generation RLVs, the RCS is required to be environmentally compatible and GH 2 /GO x -propelled RCSs are expected as an alternative for the reasons of high specific impulse, high maintenance efficiency, and environmental compatibility. However, the mass of the igniter should be as small as possible.
Laser ignition is expected to be an alternative technology since it is useful for reducing the igniter mass. Recently, LDexcited solid lasers have come onto the market, and these lightweight/high-power lasers can be obtained at reasonable cost. In addition, near-infrared laser beams, which are emitted from Nd:YAG lasers, can be transmitted through optical fibers. A laser ignition system, in which the laser beam is transmitted through an optical fiber, has been proposed. 3, 4) A schematic of the system is shown in Fig. 1 . Lightweight igniters can be realized utilizing this system. There are two typical methods to ignite a combustible mixture with a near-infrared laser; laser breakdown and laser ablation. In the former method, ignition is achieved by direct-laser-heating of the mixture. Heating occurs in the laser-produced plasma, which is induced by focusing an intense laser pulse into a gas. In the latter method, ignition is achieved by a high-temperature ablation plume, which is ejected by irradiating a laser pulse on a solid surface.
A laser breakdown igniter was tested at the National Aerospace Laboratory.
3) Ignition could be realized at any place in the combustor and the minimum laser pulse energy required for ignition (the minimum ignition energy) of GH 2 /GO x mixtures was around 20 mJ. A laser ablation igniter was tested in the Institute of Space and Astronautic Science. As a result, it was suggested that the minimum ignition energy could be reduced to 5 mJ. 4) In these works, efforts were focused on the realization of ignition, and the influences of parameters on minimum ignition energy have not been investigated systematically.
In this study, the laser ablation igniter was tested in a GH 2 /GO x thruster. The influences of three parameters (spot diameter, pressure in the combustion chamber, and ablation damage on the target surface) on the ignition characteristics were investigated.
Experimental Facilities and Methods
A schematic of the experimental setup is shown in Fig. 2 . A Q-switched Nd:YAG pulsed laser (Spectron SL-805G), which was excited by a flash lamp, was used. The wavelength was 1064 nm. The transverse mode was TEM00, and the beam diameter was 4 mm. Since the laser pulse shape can be approximated to have a Gaussian distribution, the peak power can be calculated as:
where, E l is the laser pulse energy, and τ is the Full Width at Half Maximum (FWHM) of the laser pulse. The laser pulse energy was measured using a calorie-meter before each test. The energy measurement was done five times in front of the output window of the energy conditioner. The shot-to-shot fluctuation was lower than 2%, and high reproducibility was obtained for the laser pulse. The FWHM was 12 ns. This was measured using a photo-diode sensor. The laser pulse energy ranged between 67 µJ/pulse and 15 mJ/pulse, and the corresponding range of peak power was between 5.6 kW and 1.3 MW. This laser has two operation modes/repetitive-pulse mode and single-pulse mode. Since a flash lamp is operated with a repetition rate of 10 Hz, the laser medium was excited with the same rate. In the single-pulse mode, in which the shutter was operated by an external trigger signal, only a single pulse was emitted.
The energy conditioner, through which the laser pulse energy irradiated onto the target surface was maintained, consisted of a beam-splitter and a polarizer. The laser pulse energy was conditioned by rotating the polarizer.
The laser beam was transmitted over a path a few meters in length, which contained two dielectric mirrors. Transmitted beam was focused using a quartz lens with a focal length of 100 mm.
The laser beam was focused through a laser window onto a target surface placed in a combustion chamber. The interior of the chamber was monitored through an observation window using a CCD camera. The target surface was aligned with the axis of the combustion chamber.
The gas was supplied through an injector with an orifice. The orifice diameter was 1.4 mm for the GH 2 injector and 1.0 mm for the GO x injector. The injectors were positioned so that the two jets collided with each other at the chamber axis to promote mixing. The diameter of the combustion chamber was 10.0 mm. Combustion products were exhausted to an air atmosphere through a nozzle throat with a diameter of 3.0 mm. The pressure in the charging lines was conditioned using regulators, and propellants were supplied using electromagnetic valves operated by a sequencer. Nitrogen gas was supplied for the purge.
The laser and valves were synchronized utilizing the sequencer, and ignition by a single pulse was realized under steady-state conditions in the chamber. The duration of propellant charging was programmed to 300 ms. The starting signal for propellant charging was transmitted to a delay circuit (DG535, Stanford Research Inc.). After an arbitrary delay, a signal was transmitted from the circuit to a laser controller, which operated the shutter of the laser at appropriate times. The delay period was adjusted so that the chamber pressure became constant prior to laser irradiation. Fiftymillisecond uncertainty in the period between the starting signal and laser irradiation was originated from the 10 Hzrate of the laser-medium excitation. This uncertainty was not important because our objective was to measure the minimum ignition energy in the combustion chamber under a steady-state condition.
The laser beam occasionally could not penetrate the laser window after a combustion test because water drops made by the combustion were condensed on the window. The purge was continued until the water drops were removed from the window.
The spot diameter of the laser beam was adjusted by changing the distance between the lens and the target surface, and was estimated using the formula for a Gaussian beam. The chamber pressure was fixed at 0.29 MPa, and a wolfram-rod was selected as the target to investigate the influence of the spot diameter on minimum ignition energy.
Achievement of ignition was ascertained from the pressure increase in the chamber. The minimum ignition energy was deduced as averaged value of the maximum laser energy in the case of no ignition and the minimum laser energy in the case of ignition, and the error was estimated to be the standard deviation between the two. The ratio of pressure in the GH 2 charging line to that in the GO 2 line was fixed at 1.0 in order to maintain the mixture ratio.
The laser focus was fixed on the target surface, and wolfram was selected as the target material to investigate the influence of initial chamber pressure p ci on the minimum ig- nition energy.
To investigate the influence of target material on ignition characteristics, wolfram, stainless steel, and graphite were selected for the target materials. Because of the simplicity of composition and high heat-resistance, wolfram was selected from the metallic group and graphite from the non-metallic group. In order to make a comparison with these two materials, a stainless steel target was also tested. The focus was fixed on the target surface.
The minimum ignition energy was measured after irradiating many laser pulses on the target under the atmospheric air. Since the damage to the graphite target was too severe to measure the minimum ignition energy, the ignition probability, which is defined as the ratio of the number of ignitions to the number of total laser pulses, was used. The tests were conducted five times for each condition. In the graphite tests, the laser pulse energy was maintained at 1 mJ.
Results and Discussions

Pressure in the combustion chamber
The temporal trace of the chamber pressure is shown in Fig. 3 . The pressure in the charging lines was 0.9 MPa. Since the chamber was opened to atmospheric air, the chamber pressure was 0.1 MPa before propellants were supplied. At t = 0 s, a starting signal was given and the valves opened. GH 2 and GO x were introduced into the combustion chamber, and the pressure was increased to 0.3 MPa. At t = 0.18 s, a laser pulse was irradiated onto the target surface. At the moment of irradiation, a laser ablation plume was observed. Simultaneously, the mixture was ignited and the pressure increased to 0.6 MPa. The pressure increased sharply as soon as the laser pulse was irradiated in all the cases that ignition was accomplished. In other words, no ignition delay was observed. In addition, it was confirmed from this temporal pressure-trace that the ignition tests were done in the chamber under steady-state conditions, and the measured results were not accompanied by effects arising from timing differences between valve-open and laser-pulse irradiation. After ignition was accomplished, steady-state combustion was sustained for 0.12 s. At t = 0.3 s, GH 2 and GO 2 valves were closed, and the GN 2 valve was opened to terminate combustion. Subsequently, the pressure decayed to atmospheric value.
The relation between the charging line pressure and chamber pressure is shown in Fig. 4 . The triangles represent steady-state combustion, and the circles, before combustion. The pressure increased with line pressure in both cases. The velocity of a jet injected through an orifice is dominated by the ratio of the chamber pressure to the line pressure. From  Fig. 4 , the pressure ratio was 0.34 ± 0.03 before combustion, and 0.56 ± 0.03 during combustion. The critical pressure ratio is 0.53, hence the velocity of the injected jet was sonic because the pressure ratio before combustion was less than critical. However, the jet velocity was sub-sonic because the pressure ratio during combustion was greater than critical.
The mixture ratio O/F before combustion was estimated from the ratio of GO x line pressure to GH 2 line pressure using the equations for isentropic flow. O/F was calculated to be 2.0 in all the tested cases because the pressure-ratio between the two lines was always kept at 1.0.
Influence of the spot diameter
The relation between the spot diameter and minimum ignition energy is shown in Fig. 5 . The minimum ignition energy increased with spot diameter along a quadratic curve.
As a result, the minimum laser energy density per unit of spot area, in other words, the minimum laser fluence required for ignition, was found to be independent of the spot diameter, and it was 30 J/cm 2 under the condition of initial chamber pressure before combustion p ci = 0.29 MPa and O/F = 2.0.
When a laser pulse is irradiated on a solid surface, a hightemperature vapor jet, which is called a laser ablation plume, is ejected from the surface. 5) In the laser ablation igniter, the mixture is heated by this ablation plume to the ignition temperature. The laser beam penetrates from the surface to the penetration depth. The penetration depth is expressed as
where, k(λ) is the imaginary part of the complex index of refraction and λ is the wavelength of laser beam. The penetration depth of wolfram is 24 nm when λ equals 1064 nm. In contrast, the spot diameter was at least 17 µm. Hence, the laser beam heats a quite thin layer in the vicinity of the surface. The supplied energy dissipates due to laser beam reflection and heat conduction from the heated layer into the inner volume of the target. This energy dissipation can be considered to occur along the direction that is perpendicular to the surface plane. For a given target material, the spot temperature is dominated by laser power density. As a result, such physical quantities as expansion speed and temperature are also dominated by laser power density. It is natural that the minimum ignition energy depends mainly on laser power density or laser fluence because the properties of the laser ablation plume depend mainly on laser power density.
The minimum spot diameter for the Gaussian beam is expressed as
where, F is the F-number of focusing optics. According to this formula, the laser wavelength should be short and Fnumber should be small to reduce the minimum ignition energy. However, if an optical fiber is used to transmit a laser pulse, the laser power density that is irradiated on the target is limited by the destruction threshold of the fiber.
Influence of chamber pressure
The relation between p ci and minimum ignition energy is shown in Fig. 6 . Open circles represent the results obtained in this study. In the tested conditions (O/F = 2.0, 0.15 < p ci < 0.35 MPa), ignition could be achieved with energy between 0.1 and 2 mJ. In addition, ignition energy was found to decrease with increasing pressure.
The open triangles represent laser breakdown ignition, which was previously tested at NAL.
4) The same laser was used to ignite the quiescent GH 2 /GO 2 mixture. These data are labeled "nano-laser-pulse" in the figure. They are what were obtained under the condition of O/F = 1.0. In the study reported in Ref. 4) , the minimum ignition energy was measured while changing O/F and fixing p ci at 0.1 MPa. Consequently, the minimum ignition energy was reported to be insensitive to O/F. Hence, there is no problem at all in comparing the data at O/F = 1.0 with our results at O/F = 2.0. The cross point represents the minimum ignition energy of the GH 2 /air mixture by laser breakdown ignition using a Nd:YAG laser pulse with a width of 50 ps. 6) This point is labeled "pico-laser-spark" in the figure. The equivalent mixture ratio to the GO 2 /GH 2 mixture was 2.0.
The closed triangle represents the discharge-spark ignition of GH 2 /air mixtures.
7)
The minimum ignition energy by discharge-spark was the lowest of all. The minimum ignition energy using the picolaser-spark was much lower than the energy by the nanolaser-spark.
When the same laser was used, the energy by laser ablation was lower than that by laser breakdown. In addition, the energy decreased more sharply in the case of laser ablation than in the case of laser breakdown.
The minimum ignition energy is governed both by combustion characteristics and characteristics related to ignition principle. Concerning combustion characteristics, the relation between minimum ignition energy and ambient pressure can be formulated as follows.
The minimum ignition energy E is expressed in a simple model as
where a is a constant, ρ 0 and T 0 are the density and temperature of the un-combusted mixture, C p is the specific heat at constant pressure, T ∞ is the flame temperature, and δ is the flame thickness. 8) According to the laminar flame theory, the flame thickness is proportional to p −n/2 0 where p 0 is the pressure of the uncombusted mixture and n is the order of reaction. From the equation of state, the density is proportional to the pressure. Since other quantities T 0 , T , C p , and a are not influenced by the pressure, the minimum ignition energy is proportional to p 1−3n/2 0 . For the GH 2 /GO 2 mixture, the order of reaction n is 2.17. 9) Hence, the minimum ignition energy is proportional . This equation was fitted to our results. Since the fitted curve and the plots are quite close to each other, the ignition of the laser ablation igniter would be governed mainly by combustion process.
In contrast, the ignition would be governed mainly by laser breakdown process in the laser breakdown igniter using a nano-second-pulse laser. For the GH 2 /GO 2 mixture at p ci = 0.1 MPa, the breakdown threshold or minimum laser power density to initiate breakdown is as much as 700 GW/cm 2 . Once breakdown is achieved, the laser energy is absorbed mostly in the plasma generated. 10) Since the peak power of the laser pulse is proportional to laser pulse energy, laser pulse energy on the order of 10 mJ is required to initiate breakdown when a nano-second-pulse laser was used. The minimum ignition energy for the laser breakdown igniter was close to the minimum energy to initiate the breakdown. Since it is speculated from the results obtained using other ignition methods that ignition is possible with one-tenth the energy required to initiate breakdown, it is natural to consider that nano-laser spark ignition is governed by the laser breakdown process rather than the combustion process.
The threshold is known to be inversely proportional to the ambient pressure.
11) The minimum energy for breakdown is also inversely proportional to the pressure. The broken curve represents E ∝ p −1 0 . The curve was fitted to the results for laser breakdown ignition. The curve agreed approximately with the plots.
Since the peak power of the laser pulse increases with decreasing pulse width, it is natural that the minimum ignition energy obtained by pico-laser-spark is much lower than that by nano-laser-spark.
As was noted above, the minimum ignition energy by laser ablation will decrease with the F-number of focusing optics. The effect due to the F-number should be included to explain the differences between the laser ablation igniter and the discharge-spark or pico-laser-spark igniter.
Influence of target-surface damage
Until the number of irradiations reached 10, the minimum ignition energy with wolfram was found to be 0.29±0.04 mJ, and that with stainless steel, 0.44 ± 0.04 mJ. The minimum ignition energy with wolfram was slightly lower than that with stainless steel.
The relation between the cumulative irradiated energy and minimum ignition energy is shown in Fig. 7 . The cumulative irradiated energy is defined as the sum of the energies of the irradiated laser pulses. Using the stainless steel target, the minimum ignition energy decreased as cumulative energy increased up to 100 J, and then began to increase. A similar tendency was also obtained using the wolfram target. However, the change against cumulative energy was not so significant, and ignition could be achieved with a laser pulse energy between 0.2 and 0.8 mJ until the cumulative energy increased to 1000 J. In other words, ignition can be accom- plished one-million times with a laser pulse energy of 1 mJ. Since RCSs are expected to operate with 10,000 cycles during a single RLV flight, the laser ablation igniter will endure at least 100 flights. The relation between cumulative laser energy and ignition probability in the case of a graphite target is shown in Fig. 8 . The ignition probability could not attain 100% even when cumulative laser energy was less than 10 J. The probability decreased sharply after the cumulative energy became higher than 10 J. When cumulative energy was higher than 50 J, the probability became 0%.
According to the observations through the window, no changes in size and shape of the ablation plume were observed when metallic targets were used. In contrast, the laser beam blew a much deeper hole in the graphite target, and the laser ablation plume hid beneath the surface.
Summary
The characteristics of a laser ablation igniter were investigated systematically. Influences of the spot diameter, chamber pressure, and target material on minimum ignition energy were investigated. The results are as follows:
(1) The ignition of a GH 2 /GO x mixture was found to be possible utilizing an energy level equal to one-tenth that of a laser breakdown igniter.
(2) Minimum ignition energy increased with spotdiameter size along a quadratic curve. Hence, decreasing spot-diameter size can lower the required minimum ignition energy.
(3) Minimum ignition energy decreased as chamber pressure increased. According to a simple model based on the laminar flame theory, this tendency would be governed by the combustion process.
(4) When metallic targets were used, the minimum ignition energy was insensitive to the number of laser irradiations. On the other hand, damage was quite severe to the graphite target and ignition probability decreased to zero much earlier than in the case of the metallic targets.
